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Report AFRPL-TR-66956 

FOREWORD 

This is the third quarterly report of work performed on Contract AF 0M6ll)- 
1051+5, Project No.  3lkQ, BPSN 31^803,  and program structure No, 750G,  covering the 
period from 19 November 1965 through 18 February 1966.    Mr.  Curtiss Selph is project 
engineer at the Rocket Propulsion Laboratory at Edwards, California.    Mr,  S, E. Colucci 
is program manager and Dr. J. M. Adams is principal investigator at Aerojet-General 
Corporation, Sacramento, California. 

Publication of this report does not constitute Air Force approval of the 
report's findings or conclusions.    It is published only for the exchange and stimu- 
lation of ideas. 
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ABSTRACT 

This third quarterly technical report presents a discussion of the program 
progress since the previous report of the Flame Temperature Measurement Program. 
The program includes laboratory development of the temperature measurement technique, 
test motor development,  and results of motor tests  and laboratory experiments. 

Results of laboratory measurements of spectral absorption cross sections are 
presented and are used to calculate values of the imaginery part of the refractive 
index for molten alumina.    Other results,  obtained from the literature are also used 
as a comparison. 

A discussion of the experimental program using small solid rocket motors is 
presented.    The experimental effort includes results of light scattering studies, 
and gas and particle temperature measurements on the exhaust plume of these small 
motors. 
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INTRODUCTION 

A.  OBJECTIVES 

The immediate objective of this program is to develop a method for 
measuring chamber and exhaust temperatures of metalized propellants and to 
distinguish between the temperatures of both the gaseous and condensed species in 
a rocket motor exhaust. 

The specific objective is to utilize the measurement techniques 
developed in this program for those propellants specified in Exhibit A of this 
contract to gain insight into the actual performance potential of such systems 
and in+o methods of improving their performance, 

A secondary objective is to obtain thrust and chamber pressure 
measurements on small motor tests to correlate measured thrust and specific 
impulse with the measurements of temperature 

B,  TECHNICAL APPROACH 

The method selected for the measurement of both gas and particle 
temperature in a rocket motor is the spectral comparison method.  This method 
utilizes cpectrometric measurements of radiation intensity from the flame and 
particles to determine the electronic temperature of the gas and the surface 
temperature of the particles. 

The necessary equipment for the assembly of the spectral comparison 
pyrometer (SCP) consists of a carbon arc lamp, motorized light choppers, a 
spectrometer, and a light detection scheme.  These components and their function 
have been described in detail in Reference 1, and further description will not be 
given in this report. 

The period of nine months preceding this report was spent in developing 
and refining the measurement techniques and equipment by performing a systematic 
set of spectroscopic and light scattering measurements on an Al 0 -particle-laden 
hydrogen-oxygen flame.  Results on random error determination, thermodynamic dis- 
equilibrium studies, and light scattering measurements were reported previously 
(References 1 and 2). 

Briefly, the results of the random err«r determina ion indicated a 
confidence interval about temperature typified by pie following: 

With no particles in the flame: 

Tg = 2600 + UC K 1  15 degrees of freedom) 

1 
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With particles in the flame: 

Tg = 2600 + 650K (--25 degrees of freedom) 

Tp = 2600 + 100oK (~25 degrees of freedom) 

The confidence interval about particle temperature does not include 
the uncertainty in Al CL refractive index or particle size which causes a larger 
interval.  Further work is continuing on the imaginary part of the refractive 
index for alumina in the molten state. Data from the laboratory and elsewhere 
(Reference 3) bear on this problem and will be discussed below- These uncertain- 
ties do not affect the gas temperature variance but the present uncertainty in 
alumina refractive index broadens 0^, to 200°K. 

Tp 

The results from the experiments on thermodynamic equilibrium in 
hydrogen-oxygen flames were obtained by studying emission from the spectral lines 
of barium, cesium, lithium, and sodium.  It was founi that barium and cesium were 
poor trace elements to be used for the spectral comparison method of flame 
temperature measurement, but that sodium and lithium appeared to be satisfactory 
(Reference 2).  Subsequent measurements on small rocket motors have been performed 
on the first line of the sodium doublet (0„588995yk). The results of the motor 
tests are described herein. 

Light scattering measurements on a particle-laden flame were related 
to effective particle size and number concentration through Mie scattering theory. 
Particle size distribution determined from microscopic examination of a sample 
collected from the flame was in striking agreement with that determined from the 
optical measurements, A further check on number concentration was possible 
because the mass flow rate of particles was monitored. Again, the agreement with 
that value of number concentration obtained from the optical measurements was 
very good and a good confidence in the light scattering measurement technique was 
established. 

Motor firings were then conducted with measurements of spectral 
emission and scattered light intensity being recorded in the exhaust plume just 
past the exit plane of the motor.  Initially, ancillary equipment was fabricated 
and installed to allow three sequential spectroscopic measurements to be taken at 
different axial locations during the firing (Reference l).  It was learned from 
the first two motor firings that the reference light source when coupled to the 
ancillary equipment was of insufficient intensity to allow determination of the 
plume extinction coefficient« Upon eliminating a portion of the ancillary 
equipment, successful measurements at one axial station were made which are 
discussed in the following paragraphs.  Hence, the remainder of the motor tests 
of this program will be conducted with temperatures measured at either the 
cnamber or in the nozzle exhaust plume 
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II. 

TECHNICAL DISCUSSION 

A.  ANALYSIS 

The analyses of the spectroscoplc and optical scattering measurements 
to determine gas and particle temperature has been continued during the last 
three-month period.    Previous quarterly reports. References 1 and 2, have included 
the following analytical studies: 

1. Principles of SCP operation 

2. Reduction of spectroscopic data 

3. Mie scattering theory 

ka       Reduction of light scattering data 

During the past three-month period,  special emphasis has been placed 
on the difficult problem of determining the refractive index for alumina and the 
effect of optical depth on the temperatures measured.    These analyses are 
discussed below. 

1.      Refractive Index of Alumina 

As  shown in the previous quarterly reports  (References 1 and 2), 
the radiation scattered from particles in two-phase flow must be accounted for 
in the determination of gas and particle temperature.    To do this, Mie scattering 
theory is used to relate light scattering or extinction measurements to the 
scattering cross section (v.. Appendix C, Reference l).    With a knowledge of 
particle size distribution, number density of particles and refractive index, it 
is possible to compute the effective absorption cross section for the particles 
and the emissivity of the particle cloud. 

The refractive index is  a complex number,   i.e. 

m   =    n - n'i 

where n is a measure of the change in the speed of light in the medium (in this 
case, AlpO-/1%) relative to the value in the surrounding medium,  and n'   is 
related to tne absorption or attenuation of the light beam in the medium. 
Absorption in the medium can be described through the relation 

I    =    I e ■ft 

where / is the usual absorption coefficient and t is the thickness.  It can be 
readily shown that n' is related to the absorption coefficient in the medium by 
the following: 

y =    2n1k = ^- (Eq l) 

Page 3 
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For a system of scatterers it can be shown (although not so readily)  that the 
absorption cross section, Y , used to determine the emissivity of the particle 
cloud by ' „, 

-Nvt 
E      =    1    -    e      * , (Eq 2) 
P 

is approximately directly proportional to n', i.e. 

Y OC 1' (Eq 3) 
St 

From the above it is obvious that in order to obtain accuracy in the determination 
of particle temperature, n* must be known to within close limits. Table 1 
indicates the dependence of T on n', using the data from motor firing No. 3. 

TABLE 1 

DEPENDENCE OF T ON n1 
P 

n = 1.7999 (Reference 1+) 

T (0.1 sec),* 
p oK 

T (0.7 sec),*       n' 
p oK 

3662 3805        0.0005 
3332 3^53        0.001 
2801+ 2899        0.005 

*Time refers to elapsed time from start of firing. 

If these were the only measurements of temperature available to 
us, we would suspect that n' >0.001, since for values of n' less than 0.001, the 
temperatures determined from the spectral measurements appear to be excessively 
high. Data obtained by Gryvnak an;? Burch (Reference 5) indicate that a value of 
Y* 1 mm-^ is likely at the melting temperature, where they observed a sharp 
increase in the alumina emmittance. Unfortunately, they could not measure the 
thickness of the molten sample and hence could not determine Y to a reasonable 
precision. However, using the value of Y = 1 mm-l: 

n' = -^  = 0.00008 at IM- 

Fortunately there are other measurements on AI2O3 particle cloud 
emittance which can be used. These were obtained in the early portion of this 
program, where AI2O3 particles were injected into a H2/O2 flame at temperature 
from 2600*K to 3000°K. These measurements of emittance were reduced using the 
particle distribution determined by sampling and light scattering measurements 
(Reference 2). They are presented in Table 2; data from Reference 6 is presented 
in Table h. 

^age 
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TABLE 2 

n'   FOR MOLTEN ALUMINA,  OBTAINED FROM EXPERIMENTS 
ON FLAMES CONTAINING PARTICLES 

Calculated y   » Mie Scattering Theory 
Ok 

Y     (X  =  O.^BSy) 

1.1508 x 10"13cin2 

5.7^35 x 10~13 

1.1U6 x 10"12 

5.623 x 10 

1.099 x 10 

-12 

-11 

0.0001 

0.0005 

0.001 

0.005 

0.01 

Measured y   , 

1 

2 

3 

h 

5 

3 
Experiments on H /0? flames : 

Run      Y  U = 0.588p) 

7.2 x 10 

6.1 x 10 

6.5 x 10 

8.5 x 10 

7.6 x 10 

-12 

-12 

-12 

-12 

-12 

T_ (0K)] _g  

2685 

2466 

2750 

2885 

2700 

0.0079 

0.00i+3 

0.0072 

0.009U 

0.0081+ 

avg. n' = 0.007^ + 0.00055 (2500 - 2900oK) 

1 Measured during run with Spectral Comparison Pyrometer 
2 Conditions on particle size distribution shown in Table 3 
3 Standard deviation on measured y    = 0.5 x 10~12 for 25-30 degrees of freedom. 

Calculations are shown in the Appendix. 
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TABLE 3 

PARTICLE SIZE DISTRIBUTION USED  IN DETERMINING Y    OF TABLE 2 
a 

D f 
(micron) (D) (unnormali z ed) 

0.0950 

0,1900 

Ü.2850 

0.3800 

0.U750 

Number density of particles used in Table 2 computed from 

0 .5^0 

0 .1270 

0 .0288 

0 200 

c Qlkk 

% 

ix + PLU-X)V 

with      V = 2.901 x 10 15 cm3/particle 

p.    determined from CHEM COM? computer routine at mixture 

ratio used in run (Reference 7)» 

X    determined from weight balance or particle before and 

after run, measured flow rates of gas 

pL    determined from Reference 8. 
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TABLE k 

n' FOR MOLTEN ALUMINA, OBTAINED FROM MEASUREMENTS 
DESCRIBED IN REFERENCE 6 

Calculated y   , Mie Scattering Theory ; 

Ya n' 

X = 1.3u X = 1.7y 

T.i* x 10"11 1+.17 x ID"11 0.00005 

1.1+75 x ID'10 8.336 x 10"11 O.OOOl 

7.19 x ID"10 14.15 x lü-10 0.0005 

l.h3 x 10~9 8.32 x 10~10 0.001 

6.95 x IG"9 i+.Ol x ID"9 0.005 

2 
Measured Y , determined from emittance measurements 

'a' 

Y. (all X) T(0K) n' (by interpolation) 

1,9^ x 10~10 2320 0.000181 

2.7U x 10'10 2^00 0.000258 

6.3 x 10~10 2600 0.000595 

1.65 x 10"9 2800 0.00155 

3.33 x 10 ~9 3000 0.00326 

1 Conditions on particle size distribution from Figure 3 of Reference 6. 
2 Calculations are shown in the Appendix. Emittance values obtained by averaging 

points above 2320oK in Figure 12 of Reference 6. 
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The results of Reference 6 agree with those of this report to 
within the uncertainty in all the measurements of both studies. From the data of 
both Tables 2 and k,  the best value of n' appears to be ^0.005 for the range of 
variables used in this study. The recommended refractive index of alumina is 
given by 

m = 1.799 - 0.005i (T>melting point of A^CL, XM}.6y) , 

2.  Effect of Optical Depth on Temperature Measurements 

In Reference 1 was presented the theory of the spectral comparison 
pyrometer in which scattering losses from the control volume were accounted for in 
the case of emission from the particle cloud. This net loss of radiation would occur 
only for optically thin regions, or for regions close to a boundary or radiation 
"sink"'. For the other extreme, the case of optically thick regions, radiation 
scattered out of the control volume will be no greater than that scattered back 
into the volume. This would most probably be the case for an exhaust plume of a 
small motor like those under study in this program; hence, scattering losses along 
the optical path subtended by the detection optics need not be considered in the 
treatment of plume radiation alone. However, with the reference light source on, 
a net scattering loss of the radiation from a control volume would be expected, 
because of the anisotropy of the source beam (Reference 9). It will, for the present, 
be assumed that all the radiation from the reference source beam which is scattered 
out of a control volume is permanently lost. Actually, because of multiple scattering, 
some of this radiation is recovered, but that consideration will be reserved for a 
later treatment. 

Equations h  through 9, relating the gas and particle temperature to 
the measurements of steradiancy cover the optically thick case Just discussed and have 
been incorporated into the existing computer program (Reference 2) as another option. 
This option is the one used to reduce the data from the motor firings. 

Measured emf, particle emission alone, (at X,): 

E12K12 = \  [1- " exp ^al^ ] Ri  (X1'V (E(1 k)* 

beams (at X,): 
Measured emf, particle emission plus transmitted reference source 

11K11 = Tw [1- " exp (^alt) ] Ri (Xl'Tp) (Eq- 5) 

1 

+ rWi  [exp (N  (Yal+Ysl) t)   ]R° (X^e^,^) 

*    See nomenclature for definition of symbols, 
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Measured emf, reference source alone: 

e
s
(Xl'T

s
) 

EioKio   ^      f       I  ^ V 
Xl  [exp(-|-) - 1] 

1 s 

Measured emf, particle and gaseous line emission (at^2): 

E22K22    =    E21K21 (E^T) 

-\  [exP (* ^a2 + ^2^  + ^) t   ]  Es(X2'TS
) Ri  (X2'Ts3 

Measured emf, particle, gas emission plus transmitted reference 
source beam (at^-p): 

T Y 

E-.K..     =     V2     S [1 - exp   (NYOP +Y   )  t   ]  R°   (X?,T   )        (Eq 8) 
dl    l Ny 0 + Y 

a^  8      1  ^ g 
a2  'g 

N 

where 

* y     Ya2   [1 " exp (NYa2 
+ Y ) t ] R° U2,T ) 

N ^2 + h 

+ ^2     [exP  (fi  (V + 's2)  +\)t] Ri   (X2'Ts)Es(A2'Ts) 

R0(A.,T.)     =     ^  (Eq 9) 
Xx  (exP (^-f-)  - 1) 

1 J 
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It has been shown  vReference 9) that the case of extreme optical 
depth,  i.e., where 

N^t >>   1, 

can best be treated by an effective optical thickness given by 

t* = Kv t2. 
s 

(Eq 10) 

(Eq 11) 

This treatment accounts for the greater path length taken by multiple-scattered 
radiation emitted by the particles and gas in the region under study, and has been 
incorporated into the existing computer program which is used in reducing the motor 
firing data. 

~1\ 

i 
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B.       SMALL MOTOR TEST PROGRAM 

1. Program Description 

To accomplish the stated objectives, nine motor tests were planned. 
The motor testing program is being conducted in three separate phases distinguished 
by the type of metalized solid propellant. 

Initially, it was planned that the first phase would consist of 
three 1KS-250 motor tests with an alumlnlzed propellant (ANP 2969) with temperatures 
measured both in the chamber and at two stations in the exhaust plume.    The required 
ancillary equipment to accomplish the simultaneous measurements was developed, con- 
current with the laboratory development of the temperature measurement technique, 
and utilized In the first two motor tests conducted.    Prom the data of these two 
tests, it became obvious that the Intensity of the carbon arc light source was 
being attenuated to the point where it could no longer penetrate the propellant gas 
plume.    Hence, the third test was conducted, with RPL concurrence, by eliminating 
a portion of the ancillary equipment and moving the carbon arc directly to the 
exhaust gas.    The light source penetrated the plume and radiancy measurements were 
obtained.    However, because of a malfunction of an electrical component in the 
spectrometer, poor precision was realized and a fourth test using the alumlnlzed 
propellant was conducted before moving into the toxic propellant motor tests.    This 
fourth test was completely successful.    Motor thrust, chamber pressure, exhaust gas 
temperature, exhaust particle temperature,  and light scattering measurements were 
obtained. 

In the second phase of this program, these tests of an IJM-2 pro- 
pellant were initially planned before conducting three tests with LMH-2 type 
propellants in phase III.    However, when it became necessary to conduct a fourth 
aluminized propellant test, the scope of phase II was reduced to two tests and 
the fourth alumlnlzed motor substituted for the first IJM-2 motor test.    In addition, 
It was felt most desirable to obtain early knowledge of the problems to be faced 
with the LMH-2 type propellants; hence, the fifth test was conducted with this 
propellant Instead of the phase II propellant, LM-2. 

In addition to the normal ballistic measurements of chamber pres- 
sure and motor thrust, chamber temperature and chamber light scattering were measured 
through four optical viewports.    Exhaust plume light scattering was also measured 
using a separate light source.    These results are discussed in the motor test 
results section of this report. 

2. Description of Equipment 

The first two motor tests were conducted with the ancillary 
equipment and SCP installed, as described in Reference 1, at three axial locations 
on the motor:     one in a plenum in the chamber (downstream from the propellant grain 
and upstream of the nozzle)  and two in the exhaust plume at 0.25 in.  and 1.00 in. 
aft of the exit plane, respectively.     Fiber bundles were installed and linked to 
optical sampling scanners at the reference light source and spectrometer.    This 
allowed successive measurements of steradiancy with and without the reference source 
radiation passing through the plume.    A fourth fiber bundle led directly from the 
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reference source to the spectrometer to monitor changes in source temperature. 
This equipment is shown set up in the test cell in Figure 1. A closeup of the motor 
exhaust with the light scattering measurement equipment is shown in Figure 2. The 
spectrometer assembly with the sampling switch installed is shown in Figure 3 and 
a closeup of the carbon arc light source with the optical sampling switch assembly 
is shown in Figure k. 

Although the optical equipment performed satisfactorily, the results 
of the first two motor firings indicated that the source beam was being attenuated 
excessively by the fiber bundles, from refraction at the ends and by absorption. 
Plume steradiancy was measured, but the determination of particle cloud emissivity 
was of insufficient precision because of the relatively low transmitted radiancy 
from the reference source. 

For the third motor firirg, it was decided to move the carbon arc 
reference source to a position close to the exhaust plume and make a single measure- 
ment at a point approximately 0.5 in„ downstream from the exit plane (see Figures 
5, 6, and 7). By eliianating the fiber bundles and rotating optics on the carbon 
arc, the steradiancy Irom the reference source was increased approximately 15 times. 

Postfirihg inspection of the motor hardware from the first two 
tests revealed that the AW graphite throat inserts were slightly eroded in the 
throat vicinity. There was in addition a thin film of deposition (aluminum oxide) 
on the nozzle exit cone. Pre- and postfiring throat areas are shown in Table 5 
for the nozzles tested. The complete aft closure assembly which includes insula- 
tors, graphite throat inserts and steel closures were in excellent condition after 
firing. It was decided to reuse the complete assembly from the second test on the 
third and then on the fourth motor tests, respectively, with the aluminized propel- 
lant. A postfiring view looking aft from the chamber plenum is shown in Figure 8 
with optical viewports installed. 

It can be seen that the optical viewport assembly tips (adjusting 
seat) were slightly melted. The components are shown disassembled in Figure 9- 
The solution was rather straight forwards Flame spraying the AISI 1010 steel 
adjusting seats with Rokide Z (nrconium oxide) for the third motor firing solved 
the problem. A postfiring inspection showed that the probe tips came through 
nicely with no melting. Hence all the probe tips for the remaining motor tests 
were flame-sprayed with Rokide Z. Soot observed on the transparent windows after 
firing was attributed to the propellant liner charring due to residual heat in the 
chamber after the propellant had been consumed. 

In order to verify this thesis, window transmissivity measurements 
were taken on the fourth motor test, which showed that the windows remained clear 
throughout the firing. A reliable measurement of the time change of window 
transmissivity, varying from 0.3  to 0.1+, was obtained. 
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Spectrometer   and  Optical  Sampling Switch  Assembly 

Figure  3 
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Carbon  Arc   and Optical Sampling Switch   Assembly < 

Figure 4 
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View Looking Aft from  Plenum to Throat 

Figure 8 
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Optical   Viewport Components--Postfiring Test No.   2 

Figure  9 
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The transparent window ccmponents are shown disassembled after firing 
in Figure 9-    These windows were ail pressure- and leak-checked before testing.    This 
was done by immersing one end in water and applying high-pressure nitrogen (800 psia) 
through a fitting on the other end,    Unless the 0-rings are seated properly, the 
window assemblies will not be pressure tight.    Leakage was noticed on more than one 
occasion in the pressure checking,    This problem was  solved by replacing 0-rings and 
carefully reassembling to ensure proper seating of the 0-rings. 

3.      Motor Test Results 

a.      Performance Measurements 

In addition to the development of techniques  for temperature measure- 
ment,  the secondary objective of this program is to obtain thrust and chamber pres- 
sure measurements in order to correlate with the measured temperatures to obtain 
insight into the actual performance potential of the LMH-2 propellant systems f 

These measurements have been obtained on each of the motor firings 
to date and are shown in Figure  10 through lht    The pressure- and thrust-time curves 
are integrated to obtain specific  impulse and characteristic exhaust velocity.    These 
then,  together with the theoretical values, are used to obtain specific impulse 

These will be 
when it is measured with  sufficient precision. 

efficiency ET    and characteristic exhaust velocity efficiency E ^ 
compared to tne thermal efficiency E    '' r"   -  -'    -■ 
The motor performance data are  summari zed in Table 5 = 

The specific  impulse measured at motor conditions is corrected to 
a standard condition (optimum expansion for 15° conical nozzle  from 1000 psia to 
llt.T psia)  for the aluminized propellant only.    This then is divided by the theoret- 
ical specific  impulse using the  shifting equilibrium with solidification option of 
Reference 7-     This does net require a special computer run for each separate test 
conditon- 

Data reduction for the IJMH-2 propellants, however, requires a calcu- 
lation of the theoretical specific impulses at exact motor conditions (average 
chamber pressure, ambient pressure, and nozzle expansion ratio)   and at standard 
conditions  (optimum expansion from ^OOO-psia chamber pressure to sea-level ambient 
pressure, and nozzle expansion ratioJ 

Briefly, the Aerojet   computer program (Reference 7)  involves an 
iterative solution of simultaneous equilibrium constants with adiabatic   (isenthalpic) 
combustion at  fixed chamber pressure,   followed by isentropic flow through the nozzle. 
The theoretical specific impulse   is then calculated from the difference  in enthalpy 
occurring between the chamber and the nozzle exit plane- 

The necessary  input data required by the computer program incudes 
the heats of formation of the propellant  ingredients plus the heats of formation, 
entropies and heat capacities  as  a function of temperature for all conceivable 
combustion products.    The latest JANAF data (Reference  12)  are used where available 
and all thermodynami:  data for propellant  ingredients  and combustion products 
are periodically revised as  new data become available. 
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The .otor data reduction require• a calculation of the efticiena,r 
I 

at motor conditions, i.e., Efficiency • a measured at motor conditiona 
I

8 
theoretical at motor condition•' 

Thia etticiency is then multiplied b,y the theoretical I
1 

computed at standard condi­
tiona to calculate an extrapolated Is at atandard condition•. In esaence, the 
.otor efficiency ia &lau.ed to remain conatant over the ranRe ot condition• apanning 
actual motor condi tiona and atanclard condi tiona • 

b. 'l'ellperature Meuure•nta 

A aatiatactor.r .... ure .. nt ot particle temperature vaa acco.pliahed 
in teat tiriq lo. 3 (Table 6). Th•e .. aaureMnta, halrewr, wre ot lov precilion. 
lo pa taperaturea wre •aaure4 because ot a failure in the epectrometer ecannins­
power aupp.l7 (~ntl.7 due to a ld.croph011ic output tube which tailed aa the .otor 
tired) . 

TABLE 6 

MEASURED TEMPERATURES ON lKS-250 K>TOR NO . 3 

Experiment No. 660101 

Time, Temperature, Particle Particle 
sec °K Cloud Cloud 

0 ,1 
0.2 
0.3 
0.4 
0 .7 

28011.0 
2822.0 
2845 .0 
2856 ,0 
2899 .0 

Emissivity Reflectivity 

0 .2421 
0 .2515 
0 .2616 
Oo2679 
0 .2991 

0.9907 
0 .9909 
0.9925 
0.9942 
0 .9975 

The measurements, which indicate that the particles are still in 
the molten stat e, are an indication of conditions at the center of the plume. This 
1s true because of the narrow "depth of field" of the receptor optical system, i.e . , 
rnvre light from t he center of the plume strikes the detector than that from 8ft7 
·ther regi on . 

The particle size distribution and number density used in the 
determination of emiss i vity were calculated ·from ·the light scatterins and extinc­
t i on measurements (described i n the next section) . Close agreement was achieved 
between the measured value of extinction coefficient at 0 . 588J.L and that value 
calculated from the measured particle size (see Figures 15 and 16). As shown 
in Fi gure 15, the effective particle size changed duri ng the firing, although 
the temperatures stated in Table 6 were calculated on the basis of the "time 
average" distribution or particle size shovn by the duhed line in Figure 15, 
labeled "Firing lo . 3." 
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For the fourth motor firing, the apparatus was positioned again in 
the manner shown in Figure 7-     In this test,  successful measurements were made of 
both gas  and particle temperature which are presented m Table 7,     Theoretical 
temperatures  for the cne-dimensionai and two-dimensional axisymmetnc cases are 
shown in Table 8» 

Although the  scattering studies  (discussed in the next section) 
could indicate only a time-averaged particle size distribution, the measured 
extinction coefficient at 0 588 to 0.589t-1   indicated that  the effective particle 
size changed during the firing, as was  the case in firing No.   3-    This was accounted 
for in the calculations and the effective  values of particle size are shown in 
Table 7. 

The particle temperatures determined from measurements on firing 
No.   3 are higher than those for firing No,   k, a difference which cannot be due to 
random fluctuations.    The measurements made on firing No,   3 were of much lower 
precision,  as previously mentioned,  because of an unknown plume emissivity^    Data 
from test No.   3 were used to get  sufficient gain on the recording channel to 
obtain a reasonable galvanometer deflection in firing No„   h. 

It can be seen from Tables  7 and 8 that the measured gas tempera- 
ture,  although  initially at a relatively low value U9580K)  rises  during the 
firing to a level above that predicted for the shifting equilibrium case No. 6. 
The particle temperatures are also seen to rise, always  remaining far above the 
melting temperature.    Clearly, much thermal energy is being lost  from the system 
in the form of sensible heat of the alumina, although the heat of fusion could not 
be expected to be recovered since the gas temperature is above the melting tempera- 
ture. 

More runs are necessary en similar motors to increase the statis- 
tical confidence in the measurements  and eliminate the possibility of some hereto- 
fore unknown systemic bias which could CüöC erroneous measurements.     However, there 
is no reason to doubt the validity  if theöe measurements,  and there are several 
possibilities which can account  for   tne difference between the measured and 
theoretical temperatures.    These ars. 

(1) Air is diffusing into ana reacting with the gases in the 
exhaust plume.    This pnenomencn was observed to occur during 
radar attenuation studies   (Reference  10)  on exhaust plumes, where 
it accounted for  appreciable  increase m plume temperature      An 
analysis  *s presently  urder way ic determine how extensive this 
effect could be for   sma.^ motors.     If assessed to be significant, 
the effect will be nummiaed throign tne use of a nitrogen 
"blanket"  in subsequent  exhaust plume  studies. 

(2) The departure  from isentropic expansion will definitely be 
significant for  a motor of the IKS size.    This  effect will account 
for temperatures higher  tnan theoretical, although the extent of 
irreversibiiity  is  difficult to assess by other  than a knowledge 
of static temperature profiles. 
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TABLE7 

MEASURED TEMPERATURES ON 1KS-250 MOTOR HO, h 

Experiment No. 660125 

Throat diameter: 0.512 in. 

Aluminum loading: 0,738 moles Al/100 g 

Measurement location:  12 mm downstream of exit plane 

Expansion ratio at measurement location: 9.7^ 

Plume thickness at measurement location: k,k3  cm 

Time, 

sec 

Pc' 
psia 

V 
1K... 

V 
0K 

Thermal 

Lag,  0K 

D*, 

Micron 

0.05 ^15 2387 1958 1+29 0.731 

0.10 k20 21+08 2119 289 0„752 

0.15 U55 2411 218.I 230 0.765 

0.20 hbO 2383 2221 162 0.821 

0.25 U65 21*15 2273 11+2 0.823 

0.30 ^75 21*30 2307 131 0.825 

0,h0 500 21+81 2359 122 0,830 

0,50 520 2517 2371 11+6 0.8U0 

0.60 550 2535 2373 162 0.872 

Ü., 70 570 2538 2355 183 0.880 

0.60 590 2557 2331» 223 0„885 

0.90 610 2570 2273 297 0.895 

1.00 6)i0 2593 2253 IhO 0.895 

i, 20 690 2uJi3 2283 360 0,895 

Pa^e 33 
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TABLE 8 

THEORETICAL TEMPERATURES FOR 1KS-250 MOTORS AT MEASUREMENT STATION 

One-dimensional case, P    = 1+00-1000 psia 

Expansion ratio - - 9.7U 

Condit ion-l- 
Temperature, 0K 

(Assuming no thermal lag) 

1 
2 
3 

5 
6 

1810 
1880 
2020 
2100 
2l60 
2277 

Axisymmetric case2,  determination of radial temperature profile at 

 Temperature,  0K  

700 
i+00 

Center 

2000 
2130 

Minimum Temp» 

1970 
2090 

Edge 

2319 
2k60 

Conditions in one-dimensional computation: 

1 - Frozen equilibrium at chamber with supercooling of particles 

2 - Frozen equilibrium at throat with supercooling of particles 

3 - Frozen equilibrium at chamber with solidification of particles 

h -  Frozen equilibrium at throat with solidification cf particles 

5 - Shifting equilibrium with supercooling of particles 

6 - Shifting equilibrium with solidification of particles 

Estimate for shifting equilibrium with supercooling. These numbers 
serve only to indicate the radial temperature profile across the 
plume o 
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( 3) The unexpected rise in temperature during the firing may 
have been caused b.Y a partial plugging of the nozzle during 
ignition. Such an effect has been observed in other motors, 
particularly where a fast ignition transient occurs as vas 
the cue here. 

(4) Disequilibrium between the sodium and the surrounding gas 
could account for a hisher observed temperature; however, a 
conservative estimate of the extent of this effect would 
account for an increase of leas than loOK, thus eliminating 
this ati a primar,y cause. 

(5) The uncertainty in the thermodynamic data, which must be 
used to establish the composition of the gas and the relation­
ship between the internal energy of the gas and its tempera­
ture, could account for approximately one-half of the observed 
difference between the theoretical and measured temperatures 
(Reference 11) • 

c. Scattering Measurements 

Figure 17 presents the measurements made on light scattering 
on the motor in firings No. 3 and No. 4, together with the curve calculated from 
M1e scattering theory for the particle size distribution shown in Figure 16 . The 
distribution shown in Figure 16 was the result :of micrographic examination of a 
sample of particles taken in the plume during tiring No. 4. 

The light source used for the light scattering measurements 
is a high-intensity, water-cooled BH-6 mercury arc lamp, the beam from which is 
focused at the center of the exhaust plume at a position 1.25 in. downstream from 
the exit plane . The detectors are positioned to intercept light in the pla.ne of 
polarization which lies perpendicular to the plume centerline (i2, Reference 2). 
These detectors are placed approximately 7-in. from the plume centerline at angles 
of 00, 57 . 50, and 120.5° to the incident beam. 

Light striking the phototube detectors was filtered by means 
of a narrow-band interference filter centered at 0.436~ (Reference 2). The emf 
recorded from the detectors was coupled through an RC network to an amplifier and 
galvanometer. Because the reflected light from the mercury arc was of lower 
intensity than emission fluctuations from the flame, the recorded emf was bas ically 
of an erratic, rando~ character and had superimposed on it a 120-cps wave represent­
ing the lisht reflected from the mercury arc lamp. Only averaged values of reflected 
light for the entire run could be obtained, because of the number of data required 
to discriminate the reflected emf through a regression analysis. The particle 
size distribution of Figure 16, obtained from the particle sampler, would also 
represent a time-averaged value . 
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The four data points presented in Figure 17 for the angles 
57.5° and 120.5° are of very low precision because of the relatively low intensity 
of the scattered light  at these angles.     In fact, from the regression analysis, there 
is less than % confidence that the 120-cps signal actually accounts for the reported 
data points.    That is,  the measured signal could be stated as being completely 
random with greater than 95% confidence. 

This is not the case with the measurement  at 0°  however; there, 
the difference between a completely random signal and the observed signal is due to 
the superimposed 120 cps with a confidence level greater than 99^ for  both firings 
For this reason,  the  extinction coefficient was determined from the measurement at 
0° and is presented in Figure 18, together with values calculated for a monodispersed 
distnbut ion. 

It is r - icluded from the  scattering measurements that a light 
source  is needed with  a spectral radiance 10 to 15 times greater than the mercury 
arc  lamp,   in order to  obtain even minimal precision on the scattering measurements 
on cp'ically thick plumes.    An optical maser would be an ideal tool for this 
appl1 cat ton. 
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III. 

SUMMARY OF PRESENT STATUS 

To date a total of five motors have been tested.    The first group of three 
motors, which contained the aluminized propellant MP 2969, was tested in December 
and early January. 

The temperature data obtained  from the first two motor tests  indicated a 
loss in precision which results  from insufficient intensity of the reference light 
source.    Since the source intensity is reduced approximately 00% by the rotating 
mirror—penta prism—fiber bundle path, prior to entering the motor exhaust plume, 
the carbon arc light source was moved directly to the exhaust plume for the third 
test, bypassing the optical switching equipment and hence precluding simultaneous 
chamber and exhaust temperature measurements.    The third test was  then conducted 
with exhaust temperature measurements only,  together with exhaust scattering 
measurements using a mercury arc light source.    Following these,   a substitute test 
was  conducted,  with RPL concurrence,  which permitted a fourth motor with aluminized 
propellant to be nested in place of the first toxic tert motor containing the LM-2 
propellant MP 2991 HG Mod IA. 

At the completion of the fourth test, a meeting was held at Edwards AFB with 
RPL program personnel on 3 February 1966,   to determine the best  direction for the 
remaining 1KS-250 motor tests.     The  following direction was  mutual-ij'  agreed upon: 

1, To conduct scattering and temperature measurements with the carbon arc- 
light  source in the chamber using the four port aft closures.     Fire one motor with 
LMH-2 propellant and then two motors  in immediate succession,  one each with LM-2 
and LMH-2 propellants.    Exhaust plume scattering studies will also be conducted 
using an alternate light source  (e.g., mercury arc.  Xenon discharge tube,  or Ruby 
laser). 

2. If above chamber scattering measurements using the carbon arc light 
source are successful, test two motors in  immediate succession,  one motor each of 
LM-2 and LMH-2 propellants,   taking temperature and scattering measurements  in the 
exhaust plume only.     If tests  in 1 above  are not successful,   test  one each LM-2 
and LMH-2 motors with chamber scattering and exhaust temperature measurements, 
using an alternate  light source  in the chamber and the carbon arc  light source  in 
the exhaust. 

The   fifth motor test was  conducted on 18 February 1966 with  the LMH-2 pro- 
pellant, AMP 3130o 

On  21 February 1966,   the remaining tests were temporarily  stopped by  RPL 
until optical maser equipment  is  shipped  from the Rocket Propulsion Laboratory 
and checked out  at Aerojet to determine whether it  can be  developed into a 
reference  light source  for chamber  temperature measurements  in this  program. 
The majority of the required components  for this light source are part of the 
optical maser assembly. 
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The nozzle and test motor fabrication together with the optical viewports 
have been completed for all of the remaining 1KS-250 size motors to be tested 
during the program,.    Fabrication of all component parts was completed.    Three 
grains of the LMH-S propellant (MP 3130) were prepared from 1 -lb batches  for the 
third group of motor tests.    LM-2 propellant processing for the second group of 
L.otor firings using MB 3084 was terminated.    The LM-2 propellant was changed back 
to the originally proposed propellant, MP 2991 HG,  and no processing difficulties 
were experienced.    Five grains have been cast,  cured, and await testing. 

' 
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IV. 

PLANNED FUTURE WORK 

1.      The remaining tests have been temporarily postponed until the com- 
ponents  for the pulsed Xenon light source are developed.     Components for this 
light source will be obtained early in March, and checked out to determine what 
modifications,  if any, will be necessary to allow chamber temperature to be 
measured.     In the event these modifications are very costly,   in both time and 
money,  the testing program may be resumed using the pulsed Xenon light source for 
exhaust plume scattering studies only. 

2.       Redesign and incorporate modificatTonw^o the auxiliary equipment data 
ranging system to accommodate extreme differences i; ■• signal strength between the 
pulsed Xenon light source and plume radiancy. 

3.       Complete the data reduction and analysis of the tests conducted thus 
far. 

h.       Conduct the remaining toxic motor tests with both the LM-2 and LMH-2 
propellants. 

5.       Prepare draft of final report and submit to RPL for approval. 

Page 1+1 
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V. 

NOMENCLATURE 

c* - Characteristic exhaust velocity,   ft/sec 

C2 - Constant, Plancks law = 1U388 V- 0K 

E # - Characteristic exhaust velocity efficiency 

ET - Impulse efficiency—measured/theoretical 
sp 

E. - Galvanometer deflection at the i      wavelength 
xi 

E - Thermal efficiency 

j  = 1 refers to condition with reference source on 

J = 2 refers to condition with reference source off 

,1 = 0 refers to condition with only reference source 

F - ' ^»asured motor thrust,  lb force 
y 

K. - Phototube-system constant 

m - Refractive index 

n - Real part, refractive index 

n' - Imaginary part, refractive index 

^M _ 3 
H - No. density of particles, cm 

P - Chamber pressure, psia 

r - Radius of particle, cm 

T - Temperature, "K 

t - Cloud thickness, optical pathlength, cm 

V - Mean particle volume 
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GREEK I 

Y - Cross section, cm 

£ - Emittance, expansion ratio 

e - Average emittance 

\ - Wavelength, 

3 
p - Density, gm/cm 

X - Mass fraction of particles 

0 - Frequency function 

0 - Time, sec 

SUBSCRIPTS 

al - Absorption, at ^. 

b - Brightness 

g - Gas 

1 - Liquid 

si - Scattering, at \ 1 
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APPENDIX 

DETERMINATION OF n' FROM MEASUREMENTS OF 

PARTICLE CLOUD EMISSION 
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It has been shown in the body of this report that n1, the imaginary part 
of the refractive index, has a strong effect on the calculated value of particle 
cloud emissivity.    For this reason, studies have been devoted to the determination 
of n'  for molten alumina.    These studies have included laboratory measurements 
on emission of optically thin flames containing molten alumina, and reduction of 
data previously reported in the literature.^- 

The absorption cross section is related to the emissivity and hence the 
radiancy of a particle cloud by (Equation h of the main text): 

E12K12 

1 - exp(NY    t) 
al 

exp Ä     -] 
(Eq 1) 

X 
»   1 p 

or,  for the optically thin case  (N y t<<l) 

NY       t 
ai 

E12K12 
A. 

5r    / c0 \ 
exp I 

Vp 
-1 

(Eq 2) 

If the solid angle which the spectrometer-detector subtends of the particle 
cloud is the same as that which it subtends of a reference light source image, 
we have: 

E10K10 

A; exp 
^lTb/ 

-1 

(Eq 3) 

where T is the brightness temperature of the reference light source image in the 
flame. The phototube-system constant, K. , which may be a function of both 
wavelength and E^^can be determined by J using various brightness temperatures 
in Equation 3. From Equation 2, the relation for y      becomes: 

1.  Carlson, D. J. and R. A. Dupuis, "Alumina Absorption and Emittance^' 
Philco Publication No. 2627, May 196k 
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al E12K12    Al 

exp 

N t 

C
2      ^ 

JLLi (Eq h) 

The number density of particles  is determined from a knowledge of particle size 
distribution,  the mass frsction of particles  in the two phase flow field and the 
particle and gas densities,  i.e., 

x 
N = XP 

Jki. 
[?g*    +   PuCi-x)] 

(Eq 5) 

The mass fraction of particles for the above was determined from data 
obtained during the experiments on mass flow rates of particles into the flamt 
and gas flow rates (v. Reference 2). 

Another relation of use to the calculation is that which describes the 
transmission of radiation through the plume from the reference light source 
(Equation 5)- 

E11K11 " E12K12 
exP,N(Yal + Ysl)t) 

exp 

WiTb 
-1 

(Eq 6) 

which together with Equation 3, gives; 

N(Yal + Ysl3t = ln 
E11K11 - E12K12 

E10K10 
(Eq 7) 
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Using tquatlon U, then, y    was calcia»^.ed for tht partleular tct of 
conditions which existed during the meaBurement. y   . vas deterainad for the 
given particle size distribution at various n and n'.    Equation 7 vas then used 
as a check on the values of N, ■■Ya^, and y . . 

The particle temperature was assuned to be equal to the measured gas 
temperature for these results.    A difference of  50oK between the two temper- 
aturer, would still result in a change in Y    less than the cumulative uncertainties 
in the experiment. 

To obtain the results of Table 1+ of the main text, the values of c   presented 
in Reference 6 were used,    e   is related to the absorption cross section through 
the followinp;(Rercrence 6). 

i no 

o    e(r)  0 (r) wr
2dr      , (Eq n) 

"t  (r)    Tr^dr 

where        6{r)  = C? (r)   =      ~~2—      ■ (Eq 9) 
IT r'- 

E   = 

ThereTore 

or 

^a  (r)   g  (r)   dr (Eq 10) 
0    (r)    T r^dr 

where 0 (r)  is the frequency factor, normalized such that 

0  (r)dr = 1. (Eq 11) 
/: 

The values of 0 (r) , obtained from Figure 3 of Reference 6, are given 
in Table 1. 
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TABLE 1 

PARTICLE SIZE DISTRIBUTION FROM REFERENCE 6 

r, microns t _(r), micron -1 

0.278 0.721* 

0.556 1.110 

O.83I+ O.766 

1.112 0.366 

1.390 0.226 

1.668 0.158 

l,9k6 0.091+ 

2.22h 0.059 

2.502 0.031+ 

The calculated value of 
„ 00 

nr2 ^ J <p    (r)TT  r2  dr = 2.7I+ X 10~ cm2 

This value differs from that calculated in Reference 6 (which gave a value 
of 6.5 X 10"" cm2), but was consistent with the means of calculating Y (r) using 
Simpson's rule on the nine points of the distribution. a 

Ya, the average absorption cross section for the particle size distribution 
is given by 

00 

Y  = J Y (r)0 (r) dr ^  12) 
a     o a 

i 

and  is related to the e of Reference 6 by 
-   r 00 

Y    =    e J        ^   (r)   TT   r2 dr n o 

2.71+ X 10 

(Eq 13) 

(Eq 111) 

Values of e were obtained by constructing a straight line through the data 
of Figure 12 of Reference 6 above 2320oK. TheT^ were then calculated at various 
temperatures from Equation ll+. 

* 
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To determine the proper values of n', the equation 
ro 

Y n (r. n') ^ (r) dr 
-   0  a 

was used at   X  =    1.3 and 1.7 M'  .    This resulted in the values given in 
Table k of the main text. 

1 
Page 5 



Report AFRPL-TR-66956, Appendix 

NOMENCLATURE 

C2   -  Constant, Plancks law = li+388 y 0K 

E .  -  Galvanometer deflection at the i  wavelength 

J = 1 refers to condition with reference source on 

J = 2 refers to condition with reference source off 

J = 0 refers to condition with only reference source 

K. .  -  Phototube-system constant 
J 

m - Refractive index 

n - Real part, refractive index 

n' - Imaginary part, refractive index 

N - No.  density of particles, cm 

r - Radius of particle,  cm 

T - Temperature, 0K 

t - Cloud thickness, optical pathlength, cm 
Too 

=    J   v( V -      Mean particle volume =    J    V(r) ^   (r)dr 

GREEK 

2 
Y -      Cross  section, cm 

e - Emittance 

V - Average emittance 

Ä - Wavelength, micron 

3 
P - Density, gm/cra 

X - Mass fraction of particles 

^ - Frequency function 
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SUBSCRIPTS 

al - Absorption, at \ 

b - Brightness 

g - Gas 

1 - Liquid 

sl - Scattering, at X 
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